Varying pH of luminal fluid along the female reproductive tract is a physiological cue that 17 modulates sperm motility. CatSper is a sperm-specific, pH-sensitive calcium channel essential 18 for hyperactivated motility and male fertility. Multi-subunit CatSper channel complexes organize 19 linear Ca 2+ signaling nanodomains along the sperm tail. Here, we identify EF-hand calcium-20 binding domain-containing protein 9 (EFCAB9) as a dual function, cytoplasmic machine 21 modulating the channel activity and the domain organization of CatSper. Knockout mice studies 22 demonstrate that EFCAB9, in complex with the CatSper subunit, CATSPER, is essential for pH-23 dependent and Ca 2+ sensitive activation of the CatSper channel. In the absence of EFCAB9, 24 sperm motility and fertility is compromised and the linear arrangement of the Ca 2+ signaling 25 domains is disrupted. EFCAB9 interacts directly with CATSPER in a Ca 2+ dependent manner 26 and dissociates at elevated pH. These observations suggest that EFCAB9 is a long-sought, 27 intracellular, pH-dependent Ca 2+ sensor that triggers changes in sperm motility. 28 29 Keywords (up to 10 keywords) 30 Sperm motility, male fertility, Ca 2+ channel, CatSper, pH sensing, Ca 2+ sensor, Ca 2+ signal 31 transduction 32 33 Highlights 34  Efcab9 encodes an evolutionarily conserved, sperm-specific EF-hand domain protein 35  Efcab9-deficient mice have sperm motility defects and reduced male fertility 36  EFCAB9 is a pH-tuned Ca 2+ sensor for flagellar CatSper Ca 2+ channel 37  EFCAB9 is a dual function machine in gatekeeping and domain organization of CatSper 38 39 82
INTRODUCTION
Changes in sperm motility patterns (Yanagimachi, 1970; Yanagimachi, 2017) , observed in the 42 steering chemotactic movement of marine invertebrate spermatozoa (Bohmer et al., 2005; Wood 43 et al., 2005) and triggering hyperactivated motility in mammals (Ho and Suarez, 2001; Suarez et 44 al., 1993) , require Ca 2+ influx across the flagellar membrane. The molecular commonalities for These results prompted us to further examine the flagellar beating pattern of head-tethered 181 spermatozoa ( Figure 2C ; Video S1). Incubating under capacitating conditions increased the 182 amplitude of lateral movement, measured as the maximum angle within the midpiece (-angle) 183 (Qi et al., 2007) and slowed the beat frequency of Efcab9-het sperm ( Figures 2D and 2E ; Video 184 S1). In contrast, the beat frequency of Efcab9-null sperm cells, which is faster than Efcab9-het 185 spermatozoa, did not respond to capacitating conditions. Importantly, we observed that Efcab9-186 null spermatozoa displayed rigid proximal flagella with a fixed midpiece curvature (Figures 2C 187 and 2F; Video S1). The majority of the Efcab9-null sperm remained bent in the anti-hook 188 direction (Ishijima et al., 2002) (Figures 2C and 2F ), suggesting that EFCAB9 functions in the 189 CatSper-mediated Ca 2+ signaling pathway that normally dominates and results in the pro-hook 190 bend (Chang and Suarez, 2011) . Supporting this idea, capacitation-associated protein tyrosine 191 phosphorylation was elevated in Efcab9-null spermatozoa ( Figure S4C ), indicating that mediated Ca 2+ current was aberrant as previously demonstrated by genetic disruption (Chung et 193 al., 2017; Chung et al., 2014) or pharmacological inhibition (Navarrete et al., 2015) . 194 195 These findings led us to investigate whether EFCAB9 deficiency dysregulates the localization Figure 2G ) (Chung et al., 2017) . To further assess their functional interaction, 211 we generated double knockout males (Efcab9-/-; CatSperz-/-). We did not observe any CatSper proteins fused to either Glutathione S-transferase (GST) or 6xHis-GB1 were purified 231 from E. coli and used for in vitro binding assays. GST or His-tag pull-down analysis revealed a 232 strong interaction between EFCAB9 and CatSper( Figure 4B ), suggesting that EFCAB9 and 233 CatSper are direct binding partners.
234
The EF-Hands of EFCAB9 Mediate Ca 2+ -sensitive Interaction with CATSPER 235 Next, we examined whether EFCAB9-CatSper interaction is Ca 2+ -sensitive to test the predicted 236 Ca 2+ binding ability of EFCAB9. GST pull-down analysis revealed a strong interaction between 237 EFCAB9 and CatSper under conditions without added Ca 2+ (nominal free Ca 2+ , typically ~ 10 238 µM free Ca 2+ ) or with 2 mM Ca 2+ at pH 7.5 (Figures 4C, left, and 4D) . In contrast, the EFCAB9 239 and CatSper dissociate, and binding is minimal when Ca 2+ is chelated by addition of 2 mM 240 EGTA. These results indicate that Ca 2+ is required for maintaining a stable EFCAB9-
241
CatSperinteraction and that Ca 2+ likely binds to the EF-hand domains of EFCAB9.
242
To test whether the Ca 2+ sensitive interaction is due to the Ca 2+ binding ability of EFCAB9, we 243 generated two EFCAB9 mutants by changing conserved, negatively-charged residues in the EF-244 hand motifs (Figures 1B and 4C) . We substituted the conserved aspartate at position 72 in EF1 245 to asparagine and the glutamate at position 160 in EF3 to glutamine (D72N/E160Q, EFCAB9 Mut2 ) 246 by site-directed mutagenesis. EFCAB9 Mut4 was produced by additional mutations of aspartate at 247 positions 82 in EF1 and 149 in EF3 to asparagine (D72N/D82N and D149N/E160Q) (Figures 1B 248 and 4C). These two charge-neutralizing mutants were then used for in vitro binding assays.
249
Diminished EFCAB9 WT binding to CatSperby chelating free Ca 2+ ( Figure 4C, 
275
We first imaged CatSper domains in wt spermatozoa by immunolabeling with a verified 276 CatSper1 antibody (Chung et al., 2014; Ren et al., 2001) . Consistent with our previous findings, 277 we visualized the CatSper domains as distinct linear quadrants along the principal piece of the Micron-scale membrane subdomains have been demonstrated in terms of lipid segregation in 286 the sperm head (Selvaraj et al., 2006) . In sperm tails, a distinct membrane subdomain known as 287 the flagellar zipper was reported (Friend and Fawcett, 1974; Selvaraj et al., 2007) , but the 288 function and molecular basis of this zipper structure remains a mystery. We asked whether 289 sperm tail membrane subdomains, representing the macromolecular CatSper complex, can be 290 visible by scanning EM (SEM). We identified a doublet of raised linear surface domains in wt 291 mouse sperm, running each side of the longitudinal columnar surface structure down the 292 principal piece ( Figure 5C , top). One doublet is made of two ~20 nm thick membranous stripes.
293
The absence of these raised stripes in the SEM images of CatSper1-null spermatozoa ( Figure S5 ). In contrast, the response to addition of 10 mM 318 NH 4 Cl was only modest in CatSperz-null sperm cells ( Figure S5 ), suggesting a compromised channel activation by intracellular alkalinization. These results provide evidence that EFCAB9-320 CatSper regulates pH-dependent CatSper activation.
321
Low free Ca 2+ (<10 nM, buffered by 2 mM EGTA) largely eliminated the interaction between calcium as a trace ion. We found that the amount of CatSper bound to wt EFCAB9 gradually 340 decreases when pH is raised ( Figure 6G , left, and 6H). The interaction is further diminished 341 when GST pull-down was performed with EFCAB9 Mut2 (Figure 6G , right, and 6H). These data 342 support our conclusion that the EFCAB9 is a pH-dependent Ca 2+ sensor to activate CatSper 343 channel, indicating that evolution developed ways to limit CatSper-mediated Ca 2+ entry before 344 capacitation-associated intracellular alkalinization in mammals.
345

EFCAB9-CatSper Interacts with Cytoplasmic Mouth of CatSper Channel Pore
346
Presumably due to the complex composition and the organization into highly ordered arrays We propose a molecular mechanism regulating domain organization and pH-dependent 
Significance of the CatSper Proteome Screen and Identification of EFCAB9
390
The identification of all the nine known CatSper subunits and EFCAB9 in the 'strong 391 downregulation cluster' suggests that the screen is presumably near saturation. The lack of 392 significant change in overall protein expression in CatSper1-null compared to wt spermatozoa 393 suggests that there is no major compensatory protein expression induced by the loss of the 394 CatSper channel complex.
396
Our comparative screen identified many EF-hand containing proteins, which include Centrin1, 397 EFCAB1, 2, 3, 5, 6, 9, 10, EFHB, EFHC2, PLC, PPEF1, LETM1, and CaM (Table S1 ). Among 398 these, only EFCAB9 showed significant change with the loss of CatSper subunits. Since the EF-399 hand is one of the major Ca 2+ -binding regions found on many of the Ca 2+ sensors, we propose 400 that EFCAB9 is specialized for the CatSper channel. Intriguingly, the Efcab9 gene shares the 401 unique pattern of lineage-specific gains and losses of other CatSper genes (CatSper1-4, 402 CatSper, , and  from single-celled eukaryotic flagellates ( Figure S1 ). This suggests that 403 Efcab9 is a part of the set of core genes comprising an evolutionarily conserved unit of flagellar 404 Ca 2+ channel.
406
The EF hand calcium binding motif contains canonical 12-residues crucial to coordinate the 407 calcium ion (Gifford et al., 2007) . EF-hands tend to occur in pairs, which form a discrete domain. Cytoplasmic calcium binds directly to channel proteins, or through adaptor or modulatory 423 proteins, to regulate their activity (Clapham, 2007; Yu and Catterall, 2004 None of the cytoplasmic regions of the nine CatSper subunits contains known calcium/CaM 434 binding motifs. In the current study, we report EFCAB9 as a Ca 2+ sensing auxiliary subunit for 435 CatSper channel and establish a regulatory mechanism based on the interaction with the binary 436 EFCAB9-CatSper complex. Our combinatorial mutagenesis studies reveal that EF1 and/or EF3 437 of EFCAB9 bind Ca 2+ . The contribution of individual EF-hands in Ca 2+ -binding and/or the 438 interaction with CatSper will require further investigation.
440
In the absence of active CatSper-mediated Ca 2+ entry before capacitation, EFCAB9-CatSper 441 pre-associates with the channel at basal levels of intracellular (~100 nM free) calcium. In this 442 resting state, the channel pore would be mostly closed. In the presence of increasing Ca 2+ 443 concentrations under capacitating conditions, Ca 2+ -binding to EFCAB9 is likely to cause changes 444 in the structural conformation of EFCAB9, which affects the interaction with the CatSper channel 445 to control channel activity. The CatSper channel strongly responds to intracellular alkalinization, 446 particularly in the presence of cytosolic free Ca 2+ (Figure 6A-F) . In the absence of EFCAB9- , 2010; Lishko et al., 2011; Miller et al., 2015; Seifert et al., 2015; Strunker et al., 2011) .
454
However, this pH-dependent activation of CatSper has been explained through speculation 455 about amino acid properties and sequence homology. For example, the remarkably histidine-rich 456 amino terminus of CatSper1 subunit has been proposed to sense intracellular pH or bind to Zn 2+ 457 (Chung et al., 2011; Kirichok et al., 2006) . The inability to heterologously express functional 458 CatSper channels has prevented mutagenesis studies from directly testing these ideas.
Interestingly, mouse and human CatSper have differential pH sensitivity despite having similar 460 histidine-rich CatSper1 N-termini (Miller et al., 2015) , and pH changes alone are not enough to 461 gate human CatSper channel (Lishko et al., 2010; Strunker et al., 2011) . Indeed, intracellular 462 alkalinization is sufficient to activate sea urchin CatSper channels, despite their lack of a 463 histidine-enriched N-terminus (Seifert et al., 2015) . These results suggest that CatSper pH-464 sensing is likely to utilize an evolutionarily conserved mechanism.
466
We hypothesize that, when closed at rest, CatSper-complexed EFCAB9 lies near the 467 cytoplasmic mouth of the pore, inhibiting the channel gating by ensuring its closed conformation. 
Role of EFCAB9-CatSper in CatSper Domain Organization
500
The two-row structure within a single CatSper quadrant is reminiscent of the previously reported 501 flagellar zipper (Friend and Fawcett, 1974; Selvaraj et al., 2007) . Whether the CatSper linear 502 domains are the molecular basis of the zipper structure remains to be further explored. in the comparative proteome screen will serve as a foundation to this end.
534
In summary, we have gained fundamental insights on the regulatory mechanisms of the CatSper 535 channel activity and its domain organization. First, we have identified EFCAB9 as an 536 evolutionarily conserved component of the CatSper channel and provided evidence that the 537 EFCAB9-CatSper binary complexes are master integrators linking pH and Ca 2+ sensing.
538
CatSper-complexed EFCAB9 normally limits Ca 2+ gating prior to alkalinization but, when pH i 539 rises, CatSper-free EFCAB9 confers pH-dependent activation of CatSper channels. This 540 coordination is achieved by the Ca 2+ sensitive and pH-dependent interaction of EFCAB9 and 541 CatSper. We further show that EFCAB9-CatSper is associated with the channel pore and 542 required for the two-row structure of each single CatSper linear domain, providing a precedent 543 for a linking mechanism for organizing suprastructural domain organization. This study highlights 544 the dual function of EFCAB9-CatSper in gatekeeping and domain organization of CatSper.
546
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865
Female mice were superovulated and mated with males to obtain fertilized eggs. pX330 plasmid Aldrich) supplemented with 50 g/ml of chloramphenicol (AmericanBio Inc) and 100 g/ml of 900 ampicillin (AmericanBio Inc) or 50 g/ml of kanamycin (AmericanBio Inc) depending on the 901 antibiotic-resistant genes encoded by transformed plasmids. After overnight culture at 37 °C, saturated cultivates were inoculated to terrific broth without antibiotics in one to fiftieth ratio (v/v).
903
Protein expression was induced by Isopropyl-1-thio-β-D-galactopyranoside (IPTG) (AmericanBio 904 Inc) when absorbance value of the culture (OD 600 ) reached 0.5 -0.7. After IPTG induction, cells 905 were cultured at 16 °C for 14 -16hr and harvested to extract recombinant proteins.
907
Mouse Sperm Preparation and In Vitro Capacitation 908 Epididymal spermatozoa were collected by swim-out from caudal epididymis in M2 medium 909 (EMD Millipore). Collected sperm were incubated in human tubular fluid (HTF) medium (EMD 910 Millipore) at 2 x 10 6 cells/ml concentration to induce capacitation at 37 °C, 5% CO 2 condition for 911 90 min.
913
Human Sperm Preparation
914
Frozen vials of human sperm from healthy, normal donors were purchased (Fairfax Cryobank).
915
Vials were thawed and mixed with pre-warmed HEPES-buffered saline (HS) (Chung et al., 2017) , 916 followed by washing in HS two times. Washed sperm were placed on top of 20% Percoll (Sigma 917 Aldrich) in HS and incubated at 37 °C for 30 minutes to allow for motile sperm to swim-into the 918 Percoll layer. After removing the top layer containing immotile fraction, sperm cells with high 919 motility were collected by centrifugation at 2,000 x g and resuspended in HS. 
Proteomics Analysis
934
Whole sperm proteome analysis from wt and CatSper1-null mice was performed concomitantly 935 with the previous phosphotyrosine proteome analysis (Chung et al., 2014) . In short, sperm cells 936 from wt and CatSper1-null mice (N=3 per each group) incubated under capacitating conditions 937 were lysed with urea in triplicate. The lysates were reduced, alkylated, trypsin-digested, and 938 reverse-phase purified (Villén and Gygi, 2008) . Digested peptides were labeled with TMT to 939 quantify the protein from wt and CatSper1-null sperm. The labeled peptides were subjected to 940 mass spectrometric analysis using an Orbitrap Fusion mass spectrometer (Thermo Scientific) 941 with an MS 3 method. Tandem mass spectrometry (MS/MS) spectra was matched to peptide 942 using Sequest search engine (Thermo Scientific). Peptides having a total of the TMT reporter ion 943 signal/noise ≥ 65 were quantified. False discovery rate was controlled to 1% at the peptide and 944 protein level. 
Genome database 952
Orthologues of CatSper subunits, EFCAB9, ALS2CR11, SLCO6C1, and TRIM69 proteins in 21 953 eukaryotes were searched in NCBI gene database or by sequence homology analysis as 954 previously described (Chung et al., 2017) . Orthologues not annotated in NCBI gene database 955 were identified by comparing amino acid sequences of human orthologue using BlastP in NCBI 956 (http://blat.ncbi.nlm.nih.gov) or JGI genome portal (http://genome.jgi.doe.gov) with default option.
957
Resulting hits with expected values <10 -10 from Blast alignment were considered as orthologues 958 of the query proteins. 2, 3, For N-terminal GST-tagged EFCAB9 and 6xHis-tagged CatSper expression in bacteria, mouse
